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The characteristics of low-frequency waves in magnetic reconnection are studied using two-dimensional hybrid simulation code. 
In a coordinate system moving with fluid, the time series of a magnetic field perpendicular to the magnetic reconnection plane, By, 
is transformed into the power spectrum via fast Fourier transformation, while the wave propagation direction and polarization are 
determined by minimum variance analysis of the electric field. The results show that low-frequency Alfvén ion-cyclotron waves 
dominate the reconnection area. These waves have frequencies 0–1p (where p is the local proton gyro frequency) and all are 
left-handed circularly polarized. Among these waves, large-amplitude turbulence, with frequencies of 0–0.6p and isotropic 
propagation, dominates the outflow regions. This can cause the reversal of By in the quadrupole structure. In the inflow regions, 
dominant waves, propagating mainly parallel to the ambient magnetic field, have higher frequencies and smaller amplitudes. The 
frequency of the main peak of wave energy is usually higher than 0.5p.  
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Magnetic reconnection plays an important role in space 
plasma physics. It can efficiently transfer and transform the 
material, momentum, and energy of plasmas. There is much 
eruptive activity in space plasmas and interaction between 
the solar wind and Earth’s magnetosphere that relate to 
magnetic reconnection. The classical magnetohydrodynam-
ics (MHD) model with finite resistivity cannot explain such 
quick energy release because of its low reconnection rate. In 
recent years, it has been found that the Hall term in the gen-
eralized Ohm law has an important effect on collisionless 
plasmas [1] owing to the contribution of a remarkable in-
crease in the reconnection rate. Research has shown that 
when the spatial scale of the current sheet L0 is larger than 
the ion inertial length di=c/pi (where c is the speed of light 
and pi is the ion plasma frequency), ions and electrons 
move together following magnetic lines, the MHD model is 
appropriate and the waves are mainly Alfvén waves; when 
L0 is smaller than di, ions decouple with magnetic lines 
while electrons continue to follow them, the separated ions 
and electrons conduct Hall current, and the out-of-plane 
component of the magnetic field By has a Hall quadrupole 
structure; and when L0 is smaller than the electron inertial 
length de, electrons also decouple from magnetic lines, and 
the electron dynamics become important [2,3]. 
Drake [4] firstly studied the dispersive characteristics and 
plasma waves of collisionless magnetic reconnection, and 
found that the whistler-wave mode affects magnetic recon-
nection. Xiao et al. [5] proposed a new electron acceleration 
scenario of trapped electrons near magnetic null points 
driven by the whistler-mode waves. Rogers et al. [6] inves-
tigated the relation between the reconnection rate and dis-
persive kinetic Alfvén and whistler waves. Their results 
show that the wave-and-particle interaction is important at 
larger scales and that the kinetic Alfvén and whistler waves 
affect the structure of the dissipation region individually at 
different parameter scales. Li et al. [7] studied the low-fre-     
quency waves in Hall MHD magnetic reconnection with 
various plasma  (where  is the ratio of the thermal pres-
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sure to magnetic pressure), and found that waves near the 
magnetic separatrices behave as whistler waves. Wang et al. 
[8] investigated the effects of Hall current and the electron 
pressure gradient and found that (1) when there is no guid-
ing field, the reconnection layer supports obliquely propa-
gating Alfvén-whistler waves, and the reconnection dynam-
ics are controlled by the Hall current waves, and (2) when 
the guiding field is equal to or larger than the ambient field, 
the reconnection layer supports kinetic Alfvén waves, and 
the reconnection dynamics are controlled by the electron 
pressure gradient. Zhou et al. [9] discussed linear dispersion 
properties and waves of the plasma current sheet, using 2.5- 
dimensional collisionless and incompressible MHD models 
with a full electron pressure tensor. Their results show that 
there are Alfvén waves and ion acoustic waves in the long- 
wavelength region (kdi<1) and fast magneto sonic-kinetic 
Alfvén waves and obliquely propagating Alfvén–whistler 
waves in the short-wavelength region (kdi>1). Zhang et al. 
[10] studied the roles of the initial current carrier in the dis-
tribution of field-aligned current employing a three-dimen-     
sional Hall MHD simulation and found that Alfvén waves 
propagate anti-parallel to the magnetic field lines.  
There have been many theoretical and observational 
studies on waves with ion cyclotron frequency [11–14]. Hu 
et al. [15] employed a two-dimensional hybrid code to sim-
ulate electromagnetic ion cyclotron (EMIC) waves in a di-
pole magnetic field, and found that waves along the mag-
netic equator are generated with dominant left-handed po-
larization and propagate along the magnetic field toward the 
ionosphere, and the inhomogeneity of the magnetic field 
cause the wavefronts to travel oblique to the local magnetic 
field. When the wave vector turns perpendicular to the 
magnetic field at high magnetic latitudes, the initially left- 
handed waves become linearly polarized. Chaston et al. [16] 
investigated the characteristics and generation mechanisms 
of EMIC waves in the near-Earth magnetotail. Bogdanov et 
al. [17] statistically investigated ion cyclotron waves in the 
Earth’s magnetotail during Cassin’s Earth swing-by. They 
found a maximum in the frequency distribution of the waves 
at about 0.5p (where p is the proton cyclotron frequency) 
and a peak at linear polarization. Nykyri et al. [18] investi-
gated the cluster observations of magnetic field fluctuations 
in the high-altitude cusp. They found many clear peaks in 
the wave power around the ion cyclotron frequency, and the 
regions of enhanced magnetic field fluctuations appear to be 
associated with plasma flows possibly originating from a 
lobe reconnection site. 
Alfvén ion cyclotron waves in space plasmas have been 
widely investigated because they can accelerate particles 
through cyclotron resonance. Broughton et al. [19] studied 
ultra-low-frequency waves and associated wave vectors 
observed in the plasma sheet boundary layer by cluster, and 
discussed the relation between the waves and ion heating. 
Mecheri et al. [20] studied beam-driven electromagnetic 
instabilities near the ion-cyclotron frequency in a coronal 
funnel. Voitenko et al. [21] discussed the kinetic excitation 
mechanisms for ion-cyclotron kinetic Alfvén waves in the 
solar corona, solar wind, and Earth’s magnetosphere. Chen 
et al. [22] presented exact solutions to the dispersion equa-
tion for MHD waves with short-wavelength modification. 
Kinetic Alfvén waves have also been investigated extensively 
because of their non-zero parallel electric field [23–26]. 
We employed hybrid simulation code developed by Swift 
and Lin [27] to investigate the characteristics of low-fre-      
quency waves in magnetic reconnection. First, we study the 
space distributions of waves after the reconnection becomes 
quasi-steady. The characteristics of wave spectra and prop-
agation directions in different regions of magnetic recon-
nection are studied employing a fast Fourier transform (FFT) 
and the minimum analysis method (MAM) respectively. 
Additionally, the effects of large-scale turbulence on the 
distribution of quadrupole By are studied. 
1  Simulation model 
Two-dimensional hybrid simulation code considering the 
Hall current and electron inertial term treats the electrons as 
massless fluid, and the ions as discrete particles. The mag-
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The electric field is derived from the electron momentum 
equation: 
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The electron flow velocity is obtained from Ampere’s law: 
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The particle velocity of ions is derived from the ion mo-
mentum equation:  
  d .
dt
    i i i ev E v B u u  (4) 
Here n is the ion number density, v is the collision frequen-
cy, vi is the particle velocity of an ion, and ue and ui are the 
bulk flow velocities of electrons and ions. Additionally, 
(n)1/2 = di/L0, where L0 is the unit length in the simulation, 
and di is the ion inertial length. r is the efficiency of the 
electron inertial effect. Here we take = 2/75, r = 1/2000. In 
the equations, the time, length, velocity, density, tempera-
ture, and magnetic field are normalized by 01, di, vA0, n0, 
Ti0, B0, where , vA, Ti, B are the ion gyrofrequency, Alfvén 
velocity, ion temperature and magnetic field, and the sub-
script “0” indicates initial values.  
In this paper, we are only interested in the waves arising 
from magnetic reconnection instead of the triggering pro-
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cess of reconnection. Therefore, a finite resistivity is im-
posed at the center of the simulation domain, (x,z)=(0,0), to 
trigger and control the reconnection. This simulation is for a 
spontaneous reconnection. The spatial profile of the resis-
tivity corresponds to a collision frequency: 
  2 2 20e ,x zv v    (5) 
where v0 = 20 and  is the half width of the initial current 
sheet. 
In two-dimensional Cartesian coordinates (x,z), the initial 
profile is given by the Harris static solution. When t=0, the 
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0 0 0x yB B B   is the initial total magnetic field and 
0 is the plasma rate of ion thermal pressure to magnetic 
pressure. In this paper, the parameters used are Bx0 = 2, By0 = 
0, n0 = 150, 0 = 0.04,  = 0.75. 
At the boundaries z = ±Lz, Bz is set to zero. At the bound-
aries x = ±Lx, the magnetic field is extrapolated on the basis 
of zero curl and divergence of the field. The plasma flow 
velocity is free.  
2  Simulation results 
2.1  Formation of the quasi-steady reconnection 
Figure 1 shows the variation in system energy. The total 
energy ET=ET0+Ein=EP+EB+Eout, where EP is the kinetic en-
ergy of particles, EB is the total magnetic energy, Ein is the 
input energy of the inflows at the boundaries z = ±Lz, and 
Eout is the output energy of the outflows at the boundaries  
x = ±Lx. It is seen that the total energy ET increases linearly 
because of the input energy at the boundaries. A decrease in 
magnetic energy EB with an increase in kinetic energy EP 
indicates that the magnetic energy is converted into the ki-
netic energy of particles during the reconnection. In the 
simulation, the magnetic reconnection starts at t=0 and be-
gins to accelerate particles. The reconnection then reaches 
saturation at t = 5001 and continues. Massive particles that 
are accelerated by the magnetic reconnection interact with 
the background particles and pile up at the top of beams, 
forming bubble-like piles that move toward the boundaries  
x = ±Lx. The piles move out of the simulation region during  
t = 180–20001. Because of the loss of massive particles 
during this time, the output energy of the system increases 
tremendously and both the magnetic energy and kinetic en-
ergy decrease. The piles have moved completely out of the 
region by t = 20001 and the magnetic reconnection process  
 
Figure 1  Variation in energy with time. 
becomes quasi-steady. In the process of forming a quasi- 
steady state, magnetic reconnection accelerates particles and 
the accelerated particles interact with background particles 
and form tremendous instabilities that generate various 
wave modes. Because of various wave-particle interactions 
and wave-wave interactions, the whole process presents a 
chaotic and nonlinear evolution phase. When the reconnec-
tion stabilizes, the waves became more ordered. Therefore, 
the data taken during the quasi-steady process at t = 300– 
35001 are chosen to investigate the characteristics of 
waves. 
2.2  Spatial distribution of waves of quasi-steady  
reconnection 
Wave energy is defined as the average value of the fluctua-
tion in energy of the magnetic field in an interval of time:  
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where B, the average value of the magnetic field, repre-
sents the background magnetic field. Figure 2 shows the 
spatial distribution of the wave energy on the right side of 
the simulation region at t = 300–35001 ; the black lines are 
the magnetic lines. It is seen that the wave energy is con-
centrated mainly in the outflow region. 
To gain a clearer perspective of the spatial distribution of 
waves, the contour distribution of By at t = 30001 is shown 
in Figure 3. It is clear that there is a classical quadrupole 
structure of By and there is much large-scale turbulence in 
the outflow regions and many waves in the inflow region. 
These distribution characteristics of waves and turbulence 
confirm the spatial distribution of wave energy in Figure 2. 
2.3  Characteristics of waves in the different regions of 
magnetic reconnection 
To determine the characteristics of waves in different  
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Figure 2  Spatial distribution of the wave energy. 
 
Figure 3  Contours of By at t = 30001. 
regions of magnetic reconnection, three points are chosen 
from the three different regions for study. The locations of 
the points are marked with “+” in Figure 2. Point A is in the 
outflow region, point B is on the separatrix, and point C is 
in the inflow region. The characteristics of waves are stud-
ied in three fluid-moving coordinate systems that have ori-
gins at the three points.  
(i) Wave spectra.  The FFT is employed to analyze the 
4096 data of the out-of-plane magnetic field By, which are 
recorded in the moving coordinate system at t = 300–34101. 
Figure 4(a) shows the spectra of By at points A, B and C, 
where the x axis is the frequency in units of local proton 
gyrofrequency p and the y axis is the energy in units of 
initial total energy. It is seen that the frequencies of waves 
are mainly distributed at 0–1p. The frequency of the wave 
in the outflow regions is lower (0–0.6p) and the amplitude 
is larger. The frequency of the wave increases and the am-
plitude decreases when the location of waves moves from 
the outflow region toward the inflow region. In the inflow 
region, the frequency of the wave energy peak often ex-
ceeds 0.5p. These findings indicate that the low-frequency 
waves of magnetic reconnection are mainly Alfvén waves 
and ion cyclotron waves, and that turbulence is abundant in 
the outflow region. 
(ii) Propagation directions of waves.  The electric field 
E, from which the average background has been removed, 
is analyzed employing the MAM to obtain the covariance 
matrix of the time series of the three electric field compo-
nents Ex, Ey, Ez. The covariance matrix’s eigenvector corre-
sponding to its smallest eigenvalue is the shortest principal 
axis of the variance ellipsoid, which is also the propagation 
direction k of the wave. 
The above method is used to analyze the time series of 
the electric field E at points A, B and C and thus determine 
the propagation directions of waves in different regions of 
magnetic reconnection. Figure 4(b) shows the distribution 
of the angle between wave propagation direction k and the x 
axis, here x axis is quasi-parallel with the ambient magnetic 
field in the inflow regions and quasi-perpendicular with the 
ambient magnetic field in the outflow regions. It is seen that 
the propagation directions of waves in the outflow regions 
are isotropic and those in the inflow regions and near the 
separatrices are along the ambient magnetic field or in the 
opposite direction. 
(iii) Polarizations of waves.  The components of the 
electric field Ei and Ej are the projections of the electric 
field E on the plane perpendicular to the wave propagation 
direction k. Figure 4(c) shows hodographs of Ei and Ej at 
the three points A, B and C. It is seen that the polarizations 
of waves throughout the region of magnetic reconnection 
are left-handed. This indicates that low-frequency waves of 
magnetic reconnection are composed of waves that are on 
the left-handed branch of Alfvén waves and ion cyclotron 
waves.  
It needs to be mentioned that the polarizations of waves 
are mainly left-handed but there are some reverse or non- 
classical polarizations, especially in the outflow and in the 
vicinity of the magnetic separatrices. The reasons for such 
polarizations are assumed to be the turbulence in the out-
flow regions and the errors in determining locations of the 
moving coordinate system due to the large transverse veloc-
ity between outflow and inflow regions. 
3  Discussion and conclusions 
3.1  Alfvén ion cyclotron waves produced by magnetic 
reconnection 
In this paper, a hybrid simulation code is employed to in-
vestigate the low-frequency waves of magnetic reconnec-
tion. It is found that in the outflow regions, the frequencies 
of waves are lower, the amplitudes of waves are larger, and 
the propagation directions are isotropic, and the polariza-
tions are left-handed except for some reverse or non- 
classical polarizations. This indicates that there is massive 
turbulence accompanying Alfvén ion cyclotron waves in the 
outflow regions. The speeding-particle beams that are gen-
erated by the acceleration of magnetic reconnection interact  
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Figure 4  Comparisons among points A, B and C in terms of (a) the power spectrum of By, (b) the angle between the wave vector k and x-axis, and (c) the 
hodograph of the electric field, where + indicates the beginning point.  
with background particles along the magnetic field, and 
induce the EMIC instabilities and various shear instabilities. 
These instabilities produce massive Alfvén ion cyclotron 
waves and other wave modes, and thus produce turbulence. 
The massive waves in the outflow regions imply that there 
are abundant kinetic waves. In the vicinity of separatrices 
and inflow regions, the frequencies of waves are higher than 
those in the outflow regions, waves propagate parallel with 
magnetic field lines, and the polarization of waves is left- 
handed. This indicates that there are mainly left-handed 
Alfvén and ion cyclotron waves.  
Left-handed waves are a majority in our study results. In 
the inflow regions, waves propagate basically parallel with 
the direction of the magnetic field, and the left-handed po-
larization is apparent. In the outflow regions, the directions 
of wave propagation are generally isotropic, and polariza-
tion is left-handed with some complex constructions such as 
reverse or non-classical polarizations. Most of these results 
are consistent with the results of Hu et al. [15]. Their inves-
tigation of EMIC waves indicated that left-handed EMIC 
waves transform gradually to linear waves propagating per-
pendicular to the magnetic field during propagation along 
the inhomogeneous magnetic field. The results match ob-
servations of both left-handed and right-handed waves in 
the Earth’s tail [16] and cusp [18]. Whistler waves are not 
observed in our simulation probably because the hybrid 
simulation accentuates ion kinetic effects and is more ap-
propriate to deal with ion inertial scales and low-frequency 
processes.  
3.2  Reproduction of observations of inverted quadru-
pole structure  
The quadrupole distribution of the out-of-plane magnetic 
field By is the classical structure of Hall magnetic reconnec-
tion. It is also the condition for identification of Hall mag-
netic reconnection. Past observations have confirmed the 
existence of the Hall quadrupole structure [28]. However, 
there remain observed quadrupole structures that are incon-
sistent with Hall theory. Zhang et al. [10] pointed out that 
most investigators had ignored these phenomena in past 
discussions, and they reproduced the inverted quadrupole 
structure by employing the ion as the carrier of current. They 
analyzed the observation by cluster SC3 at 2003-9-19 23:10– 
24:00, and found that 37.3% of the observed data belong to 
an inverted quadrupole structure. In our investigation, we 
find that the large-scale turbulence arising from magnetic 
reconnection also forms an inverted quadrupole structure of By. 
As shown in the above analyses of wave characteristics 
in section 2.3 and by the contours of By (Figure 3), there is 
massive turbulence in the outflow regions. Such turbulence 
affects the distribution of the quadrupole structure of By to 
form an inverted quadrupole structure. Figure 5 plots By 
along three tracks, which are the neutral line (a), a line par-
allel to the neutral line (b) and a line perpendicular to the 
neutral line (c). It is seen that there is an inverted quadrupole 
structure of By at many points. 
We statistically analyzed the points having an inverted 
quadrupole structure of By in the outflow regions. The critical  
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Figure 5  By along the neutral line and lines parallel and perpendicular to 
the neutral line. 
values for judgments of signs/directions of By are taken as 
±0.1, which avoids the effects of small-scale waves. It is 
found that 16% of data points of the outflow regions are in 
regions of inverted quadrupole structure. This result explains 
the reversal of quadrupole structures often observed in the 
vicinity of dispersive regions of magnetic reconnection. 
Our results are summarized as follows.   
(1) In outflow regions, propagation directions of waves 
are isotropic, polarizations are mainly left-handed, the wave 
energy is high, and wave frequencies are mainly 0–0.6p. 
There is abundant turbulence accompanying Alfvén ion 
cyclotron waves in the outflow regions. 
(2) In the inflow regions and near the magnetic separa-
trices, the propagation directions of waves are quasi-parallel 
to the magnetic field, polarization is left-handed, the fre-
quencies of waves are higher than those in outflow regions, 
and the frequency of a wave’s energy peak is often higher 
than 0.5p. The waves in the inflow regions are mainly 
Alfvén ion cyclotron waves. 
(3) The large-scale turbulences in the outflow regions 
can affect the Hall distribution of By to form the inverted 
quadrupole structure, which agrees with observations. 
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